A mathematical description of pericapillary oxygen gradients that takes into account the particulate nature of blood is possible in terms of erythrocytes as pointlike sources. The formulation in terms of quasi-stationary sources [1] is ex tended to account for moving erythrocytes. The extended model is semianalytical and can be used to estimate the extraction pressure (EP), which quantifies the effect on partial pressure of oxygen ( p 0 2) in the tissue far from the erythrocytes. Simulations have been done for rat heart muscle tissue around a capillary. For low hematocrit (Hct; 20%) and low blood velocity EP is highest, higher than the p 0 2 drop in a surrounding typical tissue cylinder. This means that the impediment to 0 2 release close to the capillary can be larger than that to transport further into the tissue. Increasing the hematocrit decreases EP, that is, it facilitates O z release. Increasing the blood velocity decreases EP at low Hct values but has the opposite effect at high Hct values ( > 35%). For zero velocity, results are the same as with the quasi-stationary model.
INTRODUCTION
Once oxygen is released from the capillary, modeling of its further transport into tissue is based on diffusion. The first model of Krogh [2] used the simplified geometry of a tissue cylinder around a centrally located capillary. Since then, several extensions have been made to this model to establish the basis of calculation of partial pressure of oxygen (p0 2) in muscle tissue [3] .
While modeling of 0 2 diffusion in the tissue is quite straightforward, the capillary release still poses considerable problems. In the literature, it was mainly investigated by numerical methods for a limited number of capillaries and in simplified tissue situations. Since such numerical results cannot be easily incorporated into tissue models, we developed analytical methods [1, 3] that allow an estimation of the effect on p 0 2 in various circumstances. The effect was quantified as an extraction pressure (EP; for a complete list of symbols used in this article, see Table 1 ), defined as follows. First, the 0 2 driving pressure was calcu lated in the tissue at a point distant from the capillary via the homoge neous blood model. Then, the same was done at the same tissue location for the model with erythrocytes as distant 0 2 sources. E P was the difference in predicted 0 2 driving pressure between both models. When no myoglobin is active in the tissue, this 0 2 driving pressure was equal to p 0 2.
The model presented here is an extension of the two previous models [1, 3] , that accounts for erythrocyte movement in the capillary. The model only considers equidistant erythrocytes all moving with the same speed. Results were again calculated in terms of EP, where it is most interesting now to look at the differences from former models.
THEORY

ASSUMPTIONS AND BASIC EQUATIONS
Diffusional transport of 0 2 is considered in a cylindrical layout with coordinates (r, 4> , z). The angle coordinate will be dropped because we assume cylindrical symmetry, so ? = ( r , z). Along the z axis, equidis tant pointlike 0 2 sources are located at distances A z moving with velocity v in the direction of the axis ( Figure 1 ). The point sources represent erythrocytes moving in a capillary of radius rc. The conse quences for tissue oxygenation will be primarily worked out in a concentric tissue cylinder of radius R so that each point source supplies a tissue volume V = nR2Az. In Figure 1 , such volumes are shown separated by circular cross-sections with the point sources as black dots in their centers. The origin of the z axis is chosen at one of these source locations so that the zth source is located at r(-= (0, z ■) where zt-= iAz.
The 0 2 transport equations in the tissue are for diffusion and mass balance. For diffusion of 0 2:
where J is oxygen flux, is oxygen permeability of the tissue (product of oxygen diffusion coefficient D and oxygen solubility a) and p is O z MOVING POINTLIKE P O , SOURCES 
* where c is 0 2 concentration, Q is 0 2 consumption per tissue volume, and the bold dot (*) denotes vector inner product. The concentration is proportional to pressure according to Henry's law:
These equations have to be extended when there is myoglobin (Mb) present in the tissue since this species can bind and release 0 2 at a certain rate and also transport it through diffusion of the 0 2Mb complex. As these aspects make the description much more compli cated, we assume here that either there is no Mb or that its contribu tion to 0 2 transport is negligible, which will be discussed later.
SOLUTIONS
In a previous article [1], we used a stroboscope technique to con struct an analytical solution for 0 2 diffusion into the tissue. With this technique, the erythrocytes were considered only at specific time inter vals when each erythrocyte had moved to the exact position where its predecessor was formerly. Also with this technique, Mb can be incorpo 28 LOUIS HOOFD E T AL. rated, and a solution was found in terms of an equivalent p* driving the On diffusion:
where <Kr) was a function called the field term of dimension r2, and the sources were numbered from 1 to N in a cylinder of limited length. The 0 2 driving pressure p* is equal to p + pFSMb, where sM b is Mb saturation and pF is the so-called facilitation pressure, quantifying the maximum effect of Mb on 0 2 transport [3] . Here, without Mb, p* is equal to the 0 2 pressure p. The field term 4>(7) was a smooth solution 0f v 2< I> = 4, depending on tissue geometry but not on the individual sources whose contribution was accounted for in each of the sum terms. In the geometry here, the sources extend in both directions and are counted as i: -N~> N. For a moving-sources solution, we have to consider the case where However, since the individual sum terms in (4) are of order i ' 1, they do not approach zero fast enough for the summation to converge. This can be corrected by the following redefinition of (4), also using V -7ri?2Az:
where
and the subscript S now denotes that this solution comes from the stroboscope approach; ^N(r) is the corresponding new field term for 2N + 1 sources. Note that it is still smooth since only constant terms are added to <Kr). 
where FT(r, z, t) is the assembled moving-sources term. As a basis for solving FT( ) we can use Fs J r , z -vt), which is also a moving-sources function but does not obey (2). The difference between the two func tions is called Fe(r, z, t)\ 
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Fe(r,z,t) = FT( r ,z ,t) -F Sm( r ,z -v t)
where aD is also substituted. Then, inserting (8) and ( 
where aT is a constant again, or, simplified:
where again i)ie( ) means the real part of the respective complex equation. It is easily seen that for u / D 0 \ \ n -> nco (no imaginary part) and consequently FT(r, z, t)-> FS tX (r, z -ut). So the stroboscope method emerges here as the limit for zero velocity as should be the case, which is discussed below.
REPRESENTATION
The important effect of the particulate nature of blood is that the calculated p 0 2 with this model is lower than with the homogeneous blood model. The resulting difference can be quantified as EP [ 
Note that z' = z -vt. This dimensionless function is plotted and used to evaluate EP. The evaluation is done for t = 0 for the erythrocyte at z = 0. By definition, EP is the limiting difference between p of (9) and where for the righthand part (18) and (2) have been substituted. The boundary condition is that erythrocyte pressure pE must be reached at the erythrocyte border, which was an equivalent sphere radius rsE for the stroboscope model [1] . For the present model, this location is denoted by (rEi zE); for the continuous model, it is the capillary border (rr,0). These locations have to be inserted into the respective equations, (rE,zE) in (9) and (rc,0) into its limit for A z -> 0 , which is the same equation (9) in which Fr( ) has been replaced by Fc( ) from (20). This leads to
where (rE,zE) can be obtained from the implicit set of equations (see Appendix C):
where VE is the erythrocyte volume. We neglect the small differences between ' %£rE,zE) and 0); note that 'lf,;( ) was a smooth function and that the respective distances are small. Then, approximately, ac cording to (24): Table 2 . Note that z() and zx are the tail and head of the equivalent erythrocyte contour (see Appendix C), and that the contour trails behind the source more and more, as its "center" ( l / 2 ) ( z 0 -h zx) < 0. The "thickness" rE, the most distance location from the source-line axis, decreases, which implies that the contour becomes more and more elongated.
The EP calculated for all the cases covered here are shown in Figure  4 
DISCUSSION
The moving-sources model presented here is an extension of the stroboscope model [1] , First, the stroboscope model is extended to an infinite number of sources, leading to the alternative mathematical formulation of (5) Figure 3 represent the erythrocyte value pE % and the higher values within the equivalent erythrocyte contour decrease, whereas the lower values in between the contours increase. For large source distances Az, the increased portion is larger than the decreased portion, and the average level is increased, leading to a lower value of EP. For small A z the opposite is true, and EP is increased. In Figure 4 , a crossover point can be seen located around 35% Hct, that is, 4rsE (9.77 /am), where for the sphere contour the gap spacing is equal to the contour length.
The p 0 2 smoothing effect shows itself in the elongated equivalent erythrocyte contour. The z-transport is increased at the expense of r-transport. The thickness rE decreases from 2.44 ¡xm to 1.86 /¿m, as seen from Table 2 . 0 2 release starts from the location (rE,zE) where p 0 2 equals pE. For decreasing r£ , this location is more remote from the tissue, which has a marked effect on EP as can be seen from the difference between the symbols and their corresponding lines in Figure  3 . Due to this increased delivery distance, EP would always be increased were it not that this is counteracted by the increased z-transport, most effectively for large Az.
On the other hand, the increase of EP with v /D at high Hct (source spacing Az < 10 jam) would possibly not be as pronounced as calculated here. The present model is an assembled point-sources model, and consequently the (rE,zE) are calculated for isolated sources. When the sources are close together this is no longer valid; from Table 2 it can be seen that the most elongated contours even overlap for small spacings Az, In fact, it is no longer possible to find a contour where 0 2 pressure has a fixed value pE. This means that rE effectively is larger (less elongated contour) and consequently EP is lower, so that the crossover point shifts toward lower Az. The finite dimensions of the erythrocyte also might contribute to an effectively lower EP here. However, EP is less important for high Hct; the most significant values for EP are not for small but for large spacing.
Akmal et al. [7] probably were the first to show the difference between erythrocyte and plasma p 0 2 in a moving-erythrocytes model (Figure 3 of their publication) The largest value of Az here is 16.9 /jlm, which is of compara ble size and so would not be expected to fulfill the inequality. Indeed, from the figure no approach can be seen toward the stroboscope calculation for increasing Az. However, for normal velocity the devia tions are not large, and the stroboscope model might serve as a sufficient first approximation. Its results can be calculated much more easily than those of the model discussed here.
In conclusion, the moving-sources model presented here seems valu able, predicting quite meaningful results for the rat heart. Even in that tissue, with its relatively small capillary distances, EP of several kilopascals can be present, adding a significant extra p 0 2 drop in the 0 2 transport cascade.
APPENDIX A: FOURIER EXPANSION OF SOURCE SERIES
Since FStN(r,z) is periodic with spacing Az and also is symmetric in z, the Fourier series for FSx( ) can be expressed in terms of cosine functions only: 
The lefthand terms can be treated as above, substituting £ = z" -iLz and Z = (N + l/2 )A z , transforming into a limit for The righthand terms are not worked out here, but each individual term is a means that we try to find a volume measuring VE with a shape, not be confused with the erythrocyte shape, that is defined such that over its whole boundary the function has a fixed value F n , that is, This equation, combined with (A33), leads to (26). Equation (27) is easily verified for z£ from (A38) and for rE from rE = J(sE -z f). In Figure A2 , also, the locations (rE, zE) are indicated; sE is the distance of this location from the origin.
